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The interaction of the Higgs boson to fermion is most fragile part in
the Standard model. The Higgs decay to ditau (H → ττ) was observed
and established in the LHC Run 1 data. This report presents recent
measurements and searches of Higgs boson decay to two fermions. In
particular this report focuses on results of the Higgs boson decays to
third-generation (H → bb) and second-generation (H → cc, H → µµ)
fermions using the LHC Run 2 data collected by the ATLAS experiment
at the LHC.
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1 Introduction
A Higgs boson was discovered in 2012 by the ATLAS and CMS collaborations [1,
2]. The properties of the discovered Higgs boson has been predominantly measured
using bosonic decay mode, H → γγ, H → ZZ and H → WW in LHC Run 1 and
Run 2 [3, 4, 5]. The measured properties are compatible with the predictions of
the Standard Model (SM) within uncertainties. However, a great mystery on the
interaction (Yukawa coupling) between Higgs and fermions still remains in the Higgs
sector of the SM. It is important to experimentally measure Yukawa coupling for each
fermion and to test if the coupling is proportional to fermion mass to solve the origin
of the fermion mass and generation. Direct evidences for the coupling of the Higgs
boson to fermions were established via the decay to τ -leptons through the combination
of ATLAS and CMS Run 1 [6] and recently the Higgs production associated with top
quarks [7]. Table 1 shows the branching ratio of Higgs decay to fermion [8]. The
coupling of Higgs boson to bottom quark is not observed yet although the decay
branching ratio is dominant at mH = 125 GeV. In LHC Run 2 the observation of
H → bb mode is one of big milestones in Higgs physics of the ATLAS experiment [9].
mH = 125 GeV bb ττ cc µµ
Branching Ratio 58.2% 6.27% 2.89% 0.023%
Table 1: The branching ratio of major Higgs decays to fermions at mH=125 GeV.
Various theories beyond the Standard model (BSM) predict the deviation of
Yukawa couplings. The precise measurement of the coupling between the Higgs and
fermions might unveil the BSM and determine the physics model since advocated
BSM models predict different deviation patterns on the Yukawa coupling.
2 Higgs decay to bottom quark pair
The decay of the SM Higgs boson to pairs of b-quarks is expected to have a branch-
ing ratio of 58% at mH = 125 GeV, the largest among all decay modes. At the
LHC, the enormous backgrounds arising from multi-jet production make an inclu-
sive search extremely challenging. The most sensitive production modes for H → bb
search are those where the Higgs boson is produced in association with a W or Z
boson. Their leptonic decay leads to clean signatures that can be triggered by the
high-pT electron/muon or missing transverse energy (E
miss
T ), and can reject multi-jet
background.
Another new approach using vector boson fusion (VBF) production has been
attempted. In order to enhance signal-to-background ratio in the VBF production
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mode, a photon radiated from an internal W± boson or from an incoming or outgoing
quark is required.
2.1 Evidence for the H → bb decay using Higgs boson pro-
duction in association with a W or Z boson
A search for the decay of Higgs boson to a pair of b-quarks using the Higgs boson
production in association with a W or Z boson is reported [10]. The data used in this
analysis were collected at a center-of-mass energy of 13 TeV during 2015 and 2016
running period, and correspond to an integral luminosity of 36.1 fb−1. Three main
signatures are explored, ZH → ννbb, WH → `νbb and ZH → ``bb. These channels
are referred to as 0-,1- and 2-lepton channels, based on the number of selected charged
leptons. All events are required to have at least two jets, and exactly two jets must
pass the b-tagging requirement. The event selection has been optimized for each
lepton channel. Anti-QCD selections using the angular correlations between EmissT
and (di)jet-systems are applied to reduce further multi-jet background to negligible
level in the 0 lepton channel. Dedicated identification and isolation requirements are
required in the charged lepton to reduce multi-jet background in the 1 lepton channel.
The reconstructed dilepton mass should be consistent with the Z boson mass in the 2
lepton channel. Selected events are categorized according to the reconstructed vector
boson’s transverse momentum pVT to enhance signal-to-background ratio. In the 0-
and 1-lepton channels a signal region is defined, with pVT> 150 GeV. In the 2-lepton
channel two regions are considered, 75 GeV < pVT< 150 GeV and p
V
T> 150 GeV as
shown in Figure 1. Events are further split into two categories according to the jet
multiplicity. In 0- and 1-lepton channels, events are considered with exactly two or
three jets. In the 2-lepton channel, events are considered with exactly two or three
or more jets.
The reconstructed dijet mass resolution is one of key ingredients to improve search
sensitivity in this analysis. Customized b-jet energy corrections are applied in addition
to general jet energy scale correction. Figure 1 shows mbb distribution with various b-
jet energy corrections. In particular, the ZH → ``bb event kinematics can be used to
constrain b-jet energy, with a kinematic likelihood due to no intrinsic missing energy
in the 2 lepton channel. This provides about 40% improvement of the dijet mass
resolution.
Another important ingredient is multivariate analysis. Multivariate discriminants
making use of boosted decision trees (BDTs) are constructed, trained and evaluated
in each lepton channel and analysis region separately. In total eight signal regions and
two W+jets control regions(CRs), which enhances W+jets purity in the selection of
low mbb and high mtop in the 1 lepton channel and four top control regions requiring
different lepton flavor (eµ) in the 2 lepton channel are fit simultaneously. The BDT
output distributions are used in the signal region, while one bin distributions in
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Figure 1: pVT distribution in 2 lepton, 2-jet signal region (left). Comparison of the
mbb distributions as additional correction are applied to the jet energy scale for the
2-lepton channel in the 2-jet and pVT> 150 GeV region (right) [10].
W+jets CRs to determine background normalization and mbb shape in top control
regions are used. Experimental and background modeling uncertainties are assigned
in each signal region and control region accordingly. Figure 2 shows fitted BDT
output distributions.
Figure 2: The BDTV H output distribution in the 0-lepton (left), 1-lepton (middle)
and 2-lepton (right) for the 2-jet and pVT> 150 GeV region [10].
This complicated background modeling scheme has been validated with diboson
(V Z → bb) background. The BDTs are re-trained with the diboson process as signal.
The observed signal strength is µbbV Z = 1.11
+0.25
−0.22, which is consistent with the SM.
The observed significance is 5.8 standard deviations.
In the V H → bb signal extraction a combined fit with Run 1 data [11] has been
performed. The observed signal strength is µbbV H = 0.90
+0.28
−0.26 as shown in Figure 3. The
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observed significance is 3.6 standard deviations, to be compared to an expectation of
4.0 standard deviations.
Figure 3: The fitted signal strength parameter for the WH and ZH processes (left).
Events yields as a function of log(S/B) for data, background and the Higgs boson
signal (right). The Higgs boson signal contribution is scaled to µ = 0.90 [10].
2.2 Search for Higgs boson production via weak boson fusion
and decaying bb with a high-energy photon
The VBF production mode for the Higgs decay to pair of b-quarks is challenging due to
larger contributions from non-resonant bbjj production and difficulties in triggering on
low-pT b-jets. A novel study that is requiring high-pT photon [12] has been performed.
The presence of high-pT photon provides a clean signature and efficient triggering in
the hadron collider. Furthermore, the background diagrams suppress photon emission
from gluon line and destructive interference between diagrams with photon emission
from the initial-state quark and the final-state quark further reduces the background
cross section as shown in figure 4.
A dedicated trigger has been developed for VBF+photon analysis. The offline
event selections require one photon with pT > 30 GeV and at least four jets with
pT > 40 GeV and |η| < 4.5, and at least two of them must be b-tagged in the
central detector region (|η| < 2.5). If more than two b-tagged jets were found, jets
with highest and second highest b-tagging discriminant output would be taken as a
Higgs(bb) system in the candidate events. The bb system must have pT > 80 GeV
to reduce distortion of invariant mass distribution and the dijet mass reconstructed
from non-Higgs jets should satisfy mjj > 800 GeV.
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After offline event selection, a BDT discriminant is constructed from a set of vari-
ables based on VBF topology (mjj , ∆ηjj, jet width to separate gluon jet from quark
and so on). Figure 5 shows a BDT output distribution. The BDT output is fur-
ther split into three categories depending on the BDT score. The signal extraction
is performed by fitting the bb invariant mass distributions of three BDT categories.
Resonant signals are modeled with Crystal ball functions and non-resonant back-
grounds are modeled with a second-order polynomial function. Figure 5 shows mbb
distribution in the highest purity signal region. No significant excess over background
expectation is observed. An observed limit on signal strength is 4.0, to be compared
with an expectation of 6.0+2.3−1.7.
Figure 4: Representative leading-order Feynman diagrams for Higgs boson production
via vector boson fusion in association with a photon (left) and non-resonant b anti-b
production in association with a photon and jets (middle, right) [12].
Figure 5: BDT output distribution (left). mbb distribution in the highest BDT re-
gion [12].
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3 Search for the Higgs boson decay to charm quark
A direct search for the Higgs decaying to a pair of charm quarks is reported using the
Higgs boson production in associated with a Z boson, in the 2 lepton decay mode
(ZH → ``cc) [13]. The analysis strategy is similar to ZH → ``bb analysis discussed in
Section 2.1. DirectH → cc search is quite challenging because it is difficult to separate
c-jet from b-jet and light-jet. However, dedicated flavor-tagging scheme is developed
for H → cc search. Figure 6 shows an optimized c-tagging working point, which has
41%, 25%, 5% c-tagging, b-tagging and light-tagging efficiency, respectively. Analysis
requires one or two c-tagged jet. The final discriminant is fitted mcc distribution.
Therefore, additional ∆Rcc selection is applied to reduce background. Figure 6 shows
mcc distribution for the signal region with p
V
T> 150 GeV. An observed upper limit
on σ(pp → ZH) × Br(H → cc) is 2.7 pb, to be compared with an expectation of
3.9+2.1−1.1 pb at the 95% confidence level. The upper limit is approximately 100 times
higher than the SM expectation in the current data.
Figure 6: The c-jet tagging efficiency as a function of the b-jet and light-jet (left).
mcc distribution in the events with p
V
T> 150 GeV (right) [13].
4 Search for the Higgs boson decay to dimuon
A direct search for the SM decaying to dimuon using the data corresponding to an
integrated luminosity of 36.1 fb−1is reported [14]. In the SM the branching ratio of
dimuon is extremely small, 0.022%. However, narrow dimuon mass peak in the final
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state can be observed around 125 GeV. The targeted production modes are gluon-
fusion (ggF) and VBF which have first and second highest production cross section.
Due to large Drell-Yan irreducible background, it is crucial to enhance signal-to-
background ratio by the event categorization. After opposite-sign dimuon and low
EmissT and b-jet veto selections, a BDT based on the VBF topology is constructed to
discriminate the VBF signal from the ggF and background. Figure 7 shows a BDT
distribution. The BDT distribution is split into three categories. Two VBF categories,
VBF tight and VBF loose are defined from BDT score. The remaining low BDT
events and events with less than two jets dominated by the ggF signal are further
subdivided according to pµµT and muon |η|. To extract signal the mµµ distributions
of all signal regions are fit simultaneously. Figure 7 shows mµµ distribution in the
tight VBF category. No significant excess is observed in this search. An observed
(expected) upper limit on the signal strength at the 95% confidence level is set to 3.0
(3.1).
Figure 7: The BDT output distribution (left). Dimuon mass distribution in the tight
VBF category (right) [14].
5 Conclusion
The several decay modes of Higgs to two fermions are searched using ATLAS Run
2 dataset at a center-of mass energy of
√
s = 13 TeV in the proton-proton collisions
produced by the LHC. Two searches for H → bb are performed using the production
in associated with vector boson and VBF. An excess over the expected background is
observed with a significance of 3.6 standard deviations compared to an expectation of
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4.0 in the combination with Run 1 and Run 2 dataset. The measured signal strength
with respect to the SM expectation is found to be 0.90±0.18(stat.)+0.21−0.19(syst.). In
the search using VBF production, no significant excess is observed. 95% confidence
level upper limit on signal strength is set to 4.0, to be compared with expectation of
6.0+2.3−1.7.
Higgs decay to dimuon and cc (a pair of 2nd generation fermions) are searched.
No significant excess is observed in both searches. The observed (expected) upper
limit on signal strength at the 95% confidence level is set to 3.0 (3.1) in the search
for dimuon decay mode. An observed upper limit on σ(pp → ZH) × B(H → cc) is
set to 2.7 pb, to be compared with an expectation of 3.9+2.1−1.1 pb at the 95% confidence
level in the search for the cc decay mode.
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